Ornithine decarboxylase (ODC) (EC 4.1.1.17) is an early enzyme of polyamine synthesis, and its activity rises quickly at the onset of growth and differentiation in most eucaryotes. Some have speculated that the enzyme protein may have a role in the synthesis of rRNA in addition to its role in catalyzing the decarboxylation of ornithine (G. D. Kuehn and V. J. Atmar, Fed. Proc. 41:3078-3083, 1982; D. H. Russell, Proc. Natl. Acad. Sci. USA 80:1318-1321 , 1983 . To test this possibility, we sought mutational evidence for the indispensability of the ODC protein for normal growth of Neurospora crassa. We found three new, ODC-deficient mutants that lacked ODC protein. Among these and by reversion analysis of an earlier set of mutants, we found that two ODC-deficient mutants carried nonsense mutations in the ODC structural gene, spe-1. Allele LV10 imparted a complete deficiency for enzyme activity (<0.006% of normal) and had no detectable ODC antigen. Allele PE4 imparted a weak activity to cells (0.1 % of derepressed spe+ cultures) and encoded a lower-molecular-weight ODC subunit (Mr = 43,000) in comparison to that of the wild-type strain (Mr = 53,000). Strains carrying either mutation, like other spe-1 mutants, grew at a normal rate in exponential culture if the medium was supplemented with spermidine, the main end product of the polyamine pathway in N. crassa. Unless an antigenicaily silent, N-terminal fragment with an indispensable role persists in the LV10-bearing mutant, we conclude that the ODC protein has no role in the vegetative growth of this organism other than the synthesis of polyamines. The data extend earlier evidence that spe-l is the structural gene for ODC in N. crassa. The activity found in mutants bearing allele PE4 suggests that the amino acids nearest the carboxy terminus do not contribute to the active site of the enzyme.
Ornithine decarboxylase (ODC), an initial enzyme of polyamine synthesis, is the only route of putrescine synthesis in fungi and animals (23) . Augmentation of ODC activity is associated with the onset of growth and differentiation in most organisms. The enzyme is rapidly inactivated as growth stops or when polyamines are added to cells with high activity. Some investigators have hypothesized that ODC may have a role in the growth process besides its known catalytic activity. Kuehn and Atmar (13) have presented evidence that an inactive, phosphorylated form of ODC participates in rRNA synthesis in the slime mold Physarum polycephalum. A similar idea was suggested by Russell (19) in studies of the early stages of embryogenesis in the amphibian Xenopus laevis.
If these ideas are correct, the ODC protein should be indispensable to normal growth and mutants lacking the protein should be abnormal or inviable even if polyamines are provided to them. Mutants lacking ODC enzyme activity are now known for a number of eucaryotic organisms (5, 10, 16, 18, (20) (21) (22) 27) , but only in Neurospora crassa has a critical identification of the structural gene been provided by mutational analysis (10) . In that case, however, no mutation was shown to lack both enzyme activity and the protein.
The present study was designed to isolate nonsense mutants of ODC which demonstrably lack both ODC activity and protein and to assess the ability of such mutants to grow. In addition, revertants of missense mutations were collected in hopes of finding forms of the enzyme altered in the inactivation process. * Corresponding author.
MATERIALS AND METHODS
Strains, media, and stock maintenance. The strains of N. crassa used here, including the new spe-J mutants collected in this work, are shown in Table 1 . The inl and his mutations were grown with supplements of 50 and 100 ,ug of their respective supplements, inositol and histidine. Spermidine trihydrochloride was used as a stock supplement for spe-J (ODC deficient) mutants at 250 ,ug/ml of medium. Vogel medium N (26) was used for stock maintenance and growth experiments. Synthetic crossing medium or corn meal agar medium (Difco Laboratories) was used for crosses (6) .
Mutagenesis and outcrossing. The basic genetic techniques used here have been described previously (6) . New ODCless mutants of the LV series were isolated from UV-treated conidia of the aga inl double mutant, strain IC-40. The inositol-less death method (15) , modified slightly from the protocol used previously (10) , was used. The conidia used for selection were grown before mutagenesis in medium that leads to partial polyamine starvation (10) . After UV mutagenesis, leaving 45% as survivors, selection was carried out at 35°C in medium that permits outgrowth of conidia in a very low level of inositol (0.25 ,ug per ml) (10) . This medium also contained 0.05 mM methylglyoxal-bis-guanylhydrazone. Addition of this compound, an inhibitor of spermidine synthase, was found to impair growth only slightly at the concentration used, but it led to a more rapid expression of the polyamine-dependent phenotype of newly induced mutants. Surviving cells were plated after 48-h selection (and periodic filtrations through cheesecloth to remove clumped mycelium) on medium containing 250 ,ug of spermidine trihydrochloride and 50 ,ug of inositol per ml. They were later spot tested (6) New, polyamine-dependent mutants were tested for complementation with a strain carrying the classical spe-i mutation, 462JM (16) . Noncomplementers were outcrossed to a wild-type strain to test for the linkage, expected of spe-i alleles, to the inl mutation. The outcross allowed isolation of the new mutations with various combinations of the inl and aga mutations. A problem encountered regularly with polyamine-dependent mutants is the very poor germination of ascospores (18) , a problem mitigated to some extent by the use of 500 ,ug of spermidine trihydrochloride per ml of plating medium.
Revertants were isolated from conidia of spe-J mutants carrying the aga mutation (see below) by treatment with UV light and were then plated on medium lacking polyamine supplementation. Colonies were transferred to individual tubes, purified by one or two rounds of single-conidial isolation, and outcrossed to strains of the opposite mating type that carried the spe-J mutation from which given revertant alleles were derived. Spe+ Aga-progeny of the outcrosses were selected; they were homocaryotic and suitable for further analysis.
Further genetic analysis of revertants. Reversion could be intragenic or it could be due to the occurrence of an easily recombining, extragenic suppressor (e.g., a nonsense suppressor). The following strategy was used to distinguish these cases and to deal at the same time with the very poor germination of polyamine-dependent strains.
The his-i mutation lies within 1 ODC and protein assays and polyamine determination. The activity of ODC was determined in extracts ground with sand and prepared as in previous work (10) . Certain later work reported here used extracts of acetone powders, which were easy to prepare, store, and extract (6) and had ODCspecific activities indistinguishable from sand-ground extracts. ODC assays were carried out as described earlier (18) with 2 mM dithiothreitol substituted for 2-mercaptoethanol in most cases. For determination of very low activities of mutant strains, the specific radioactivity of the substrate was raised by a factor of 5 or 10. We defined 1 U of activity as 1 nmol of CO2 evolved per h at 37°C. Proteins were determined by the method of Bradford (2) . Polyamines extracted from cells were determined by high-performance liquid chromatography methods as described previously (7) .
Immunological methods. Western immunoblotting was done by standard methods (3). The antibody used was raised to ODC purified to the penultimate stage of purification (lacking only the high-performance liquid chromatography step) (7, 10; J. J. DiGangi, M. Seyfzadeh, and R. H. Davis, manuscript submitted). The preparation was denatured and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (14) , in either uniform 10% or 7.5 to 15% gradient gels. The main band of ODC was cut out, eluted from the polyacrylamide, and used as an antigen. The antiserum made against the ODC preparation reacted to ODC bands and one non-ODC band in immunoblots of gels of crude, wild-type extracts. The antiserum was rendered specific without a detectable loss of titer by cross-absorbing the crude serum VOL. 7, 1987 on July 6, 2017 by guest http://mcb.asm.org/ Downloaded from with immobilized extracts of a strain carrying the nonsense mutation, LV10 (see Results). The extract was made from a culture of this strain grown in limiting putrescine (0.2 mM) and containing 1 mM arginine. (This duplicates the conditions of polyamine starvation and arginine abundance characteristic of the culture from which ODC was purified [7] .) The crude extract, from sand-ground mycelium, was coupled to CNBr-activated Sepharose 4B (28) . Before an antiserum was used, it was exposed to a substantial excess of the immobilized, ODC-less extract for 40 h in the cold, a treatment that did not reduce the titer of the antibody against pure ODC or the ODC of crude extracts.
Extracts for immunoblotting analysis were made from strains grown in media with limiting putrescine (0.2 mM). The controls used were (i) pure ODC; (ii) extracts made as above of strain IC-1894-53, which carries the nonsense spe-J allele, LV10; or (iii) extracts of the arginase-less strain, IC-3, grown in 1 mM arginine to derepress ODC. In these conditions, strain IC-3 is unable to synthesize ornithine by the catabolic (mutant) or biosynthetic (feedback inhibited) route. The resulting deprivation of polyamines leads to high levels of ODC activity and ODC protein (7, 17) .
Materials. Most chemicals were from Sigma Chemical Co. Sepharose 4B was from Pharmacia, and the Bradford protein assay reagents were from Bio-Rad Laboratories. 1251-protein A for use in immunoblotting was a gift of Daniel Knauer.
RESULTS
Isolation of new mutants. Seven new mutants with severe or complete ODC deficiencies were isolated. None complemented with a bona fide spe-J strain. The ODC-less determinant was linked in all cases to the inl mutation in outcrosses. The strains grew well on putrescine and spermidine but poorly or not at all on minimal medium. These data certify the seven mutants as spe-I mutants. Their phenotypes are summarized in Table 2 .
A Western immunoblot of six new mutant extracts, together with previously isolated strains (10, 16, 18) carrying the alleles PE4, PE7, PE69, PE85, 462JM, and 521KW, is shown in Fig. 1 , and the results are also indicated in Table 2 . Seven mutants display a strong Mr band of 52,000 to 54,000, similar to the positive (polyamine-starved) control and to one of the bands of pure ODC. (Two other mutants carrying Table 2 ). Three of these mutants, carrying alleles LV10, LV71, and LV170, are from the new series, and two, carrying the alleles PE4 and PE7, are from the previous series (10). PE4-and PE7-carrying mutants were not expected to lack ODC protein, because they had residual enzyme activity and grew slowly in minimal medium (10) . However, the mutant carrying the PE4 allele displayed a lower-molecular-weight band on the immunoblot (Mr, ca. 43,000). The high specificity of the antiserum suggests strongly that it is a fragment of the ODC polypeptide, and in fact, as shown below, PE4 is a nonsense mutation. The PE7 mutation, in previous careful tests of the strain carrying it, does not impart a complete ODC deficiency (10) . Thus it is likely that the PE7 allele encodes a form of ODC that is too little or labile to visualize on gels.
Reversion of spe-l alleles. Some of the previously available alleles (462JM, 521KW, TP138, PE4, PE7, PE69, and PE85) were tested for reversion. Several revertants from each mutant were collected and characterized ( (Table 3 ). In such revertants, the capacity for further derepression was thus limited. This view was supported by the observation that spermidine, which reduces the activity of normal mycelia by about 40%, reduced ODC activity of the partial revertants to undetect- able levels. In fact, most strains with impaired ODC activity in arginine-supplemented medium were spermidine deficient when grown in minimal medium ( Table 3 ). The impaired ODC activity of many revertants suggested that second-site mutational events within the spe-i gene underlay their phenotypes.
The large majority of revertants, when analyzed for the linkage of the reversion event to the original mutation, appeared to be due to intragenic mutational events. In one intragenic revertant tested, the partially restored activity was regulated normally (Fig. 2) . Attention was directed then to two revertants of the PE4-bearing strain that preliminary genetic analysis suggested might carry extragenic suppressor mutations.
Two revertant strains (with original designations of IR-123 and IR-127; Table 3 ) of the PE4-bearing strain yielded Speprogeny when crossed with a spe-l+ his-l-strain. The His' class segregated 1 Spe-:1 Spe+ progeny. This demonstrated that unlinked mutations were responsible for suppressing the auxotrophy of the PE4 allele. Strains carrying the suppressor mutations (designated su123 and su '27) were then sought among the His-siblings (i.e., spe-l + his-1 -progeny) of the foregoing cross.
One half of these strains, when mated with a PE4-bearing strain (spe-l-his-J'), yielded progeny of which over 2%
were Spe+ His' (Table 4) . Most of these progeny were presumably suppressed mutants (i.e., spe-l -his-i + su-; see Materials and Methods). In these crosses, less than the expected 50% frequency of Spe+ His' prototrophs was seen; evidently germination was still impaired in the suppressed mutants. The other half of the strains yielded progenies with less than 1% of prototrophs, all of which are presumed to have arisen by recombination between spe-i and his-i (Table 4 ). The frequency of prototrophs expected from this mechanism was 0.5% (see Materials and Methods).
To test for the nonsense character of candidate spe-I alleles, strains carrying the mutations were mated to a strain containing the his-i mutation and the authentic nonsense suppressor mutation, ssu-i (4, 8, 9) . The crosses had the same form as the ones used to verify the existence of the new suppressor mutations, su123 and su127. Again, the crosses yielded only a few germinating spores. Clear evidence of suppression was obtained for alleles PE4 and LV10, the latter causing a complete ODC protein deficiency (Fig. 1) . The test was negative for allele LV71, which also imparted an ODC protein deficiency (Fig. 1 ). The data demonstrate that PE4 and LV10 are nonsense mutations and are consistent with the lower molecular weight of the PE4 product and the absense of detectable product in LV10-bearing strains. By extension, the mutations su123 and su127 are nonsense suppressor mutations. Crosses to test the effect of these suppressor mutations on the other spe-i alleles were largely sterile.
Immunoblot analysis of suppressed mutants was performed. Extracts of suppressed mutants grown in minimal medium and thus effectively limited for polyamines yielded a VOL. 7, 1987 on July 6, 2017 by guest http://mcb.asm.org/ Downloaded from smear of antigenic material in the molecular weight range of 47,000 to 90,000 on the nitrocellulose blots (Fig. 3) . By varying conditions, we saw this effect only in materials with a suppressor mutation (ssu-J, su123, and su127 imparted the effect equally) and demonstrable ODC activity. In some cases, the activity was that restored by the suppressor mutation: unsuppressed LV10-bearing strains did not yield the effect, whereas cells of the LV10 ssu-J genotype did (Fig.  3) . Moreover, cells carrying only the ssu-J mutation displayed the effect even if they were grown in minimal medium, but as in the case of in vitro ODC activity, the signal on the immunoblot was weak (data not shown). This eliminated spermidine starvation in suppressor-bearing strains as a sufficient condition for the effect. The origin of the material of low and heterogeneous mobility is not known; it may have been owing to precipitation of ODC monomers during electrophoresis, possibly caused by readthrough C-terminal amino acids beyond the normal stop codon. Such an effect was not seen for a suppressed-mutant, mitochondrial enzyme (encoded in the nucleus) in our previous work with the particular ssu-J mutation used (9) . The effect was not seen among nonspecific antigens when a much less specific antiserum was used to probe blots. Whatever the implication of the immunoblot analysis, the return of enzyme activity and the ability of suppressed mutants to grow are evidence that the suppressor genes counter the chain-terminating action of the PE4 and LV10 nonsense mutations.
Growth rates of nonsense mutants. A comparison of growth rates was made in spermidine-supplemented medium of strains carrying the spe-l + allele or the nonsense mutations LV10 and PE4 (Fig. 4) . The similar growth rates of the three strains shows that ODC protein is not required for vegetative Behavior of ODC activity of strain IC-3 (spe-l+) and of a presumed intragenic revertant, strain IC-1919-37. The latter was selected from the PE7-bearing strain, IC-44, as IR132-R2 (Table 3) .
Strains were grown from conidial inocpla in minimal medium, and at 0 h, after we reserved some of each culture for further growth in minimal medium, arginine was added to a final concentration of 1 mM (arrow 1). At 4 h, ornithine was added to a sample of the arginine-treated culture to a final concentration of 5 mM to restore synthesis of polyamines (arrow 2). The remainder of the culture continued to grow in the presence of arginine alone. The ordinates of enzyme units per milliliter of culture have been adjusted to emphasize the similarity of enzyme regulation in the two strains. Symbols: 0, growth on minimal medium; 0, growth after addition of arginine; A, growth after addition of ornithine to arginine-treated culture. Polyamines have been shown to influence the fidelity of protein synthesis and to be required in some cases for the action of nonsense suppressor mutations in bacteria (1, 11, 12, 24, 25) . Our data show that nonsense suppression is qualitatively successful in N. crassa despite severe polyamine starvation in our suppressed mutants. However, the product of the suppressed-mutant or wild-type gene behaves peculiarly on immunoblots, even without our imposition of a polyamine limitation during growth of the suppressorbearing strains. We cannot interpret this finding presently, and it may have little to do with the process of translation.
Our data extend the evidence that spe-J is the structural gene for ODC. First, nonsense mutations allelic to those having defective ODC protein (10) are expected in an enzyme structural gene. Second, reversion of ODC-less mutants is rarely Accompanied by restoration of normal ODC activity, as though second-site reversidn within the gene happens frequently. The genetic data are consistent with intragenic events in such cases. The residual activity of extracts of strains bearing allele PE4 (10) shows that the active site of ODC is not encoded in the carboxy-terminal (ca. 85) amino acids of the protein, assuming that the mutant product seen in immunoblots is responsible for the ODC activity measured in crude extracts.
